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Mechanical and structural analysis of
graphene-PMMA laminate
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ARISING FROM S. Kim et al. Nature Communications (https://doi.org/10.1038/
s41467-024-46502-6) (2024).

We report scientific and technical queries regarding the article
reported by Kim et al.1, (referred to as ref. 1 hereafter) on the
mechanical properties of graphene-poly(methyl methacrylate)
(PMMA) composites. The authors described a “float-stacking fabrica-
tion”method tomake “graphene-PMMA laminates (GPL)” that enabled
enhancing stiffness and strength well beyond PMMA alone, reporting
values of tensile strength (σ ~ 141MPa) and Young’s modulus
(E ~ 5.37GPa), with a stated graphene volume fraction of 0.19%. Our
analysis finds that the reported enhancement is mainly due to the heat
treatment of the polymer rather than the incorporation of graphene,
and the Raman spectroscopy data further indicates large cracks and
defects introduced during the hot rolling process. We believe that the
queries will aid the audience in better understanding the mechanical
response of graphene-PMMA composites.

Experimental data
The thickness of each of the GPL samples (that is, all the 36 samples for
GPL-0 to GPL-100) is reported as ~18 µm (17.07–19.89 µm), see sup-
plementary Table 1 of ref. 1. But the SEM micrographs (Fig. 3b, c)
of ref. 1 show (per our analysis of the micrographs of these 3 samples)
thicknesses of 3.66 ±0.10 µm (S-GPL), 2.95 ± 0.13 µm (Tg-GPL), and
2.35 ± 0.13 µm (GPL) as shown in Fig. 1a. The thickness values of S-GPL
and Tg-GPL are not provided in ref. 1. Figure 1c and supplementary
Fig. 5 of ref. 1 shows other SEM micrographs of the GPL samples. Our
analysis of these SEM micrographs yields average thickness values of
GPL-0 to GPL 100 as 18.78 ± 0.49, 21.19 ± 0.52, 22.89 ± 0.29,
16.40 ± 0.35, 14.88 ±0.47, and 18.28 ±0.69μm, respectively; and
18.14 ± 0.54 μm from Fig. 1c. We provide the points selected for our
measurements of thickness in our Fig. 1 and note that the authors of
ref. 1 did not indicate where thickness measurements were made.
Thickness values measured in our analysis are compared in supple-
mentary Table 1 with the thickness values reported in ref. 1.

Enhancement in E and σ values of GPL-100 is compared with GPL-
0 in ref. 1 to calculate the effective E and σ of the “graphene fillers” (as
the graphene is referred to in ref. 1) present in GPL. The enhancement
(in GPL-100 compared to GPL-0) in σ and E are reported in ref. 1 as
277.5% (from 79.60 ± 4.10 to 141.29 ± 3.29MPa) and 261.26%
(3.33 ± 0.15 to 5.37 ± 0.31 GPa), respectively. The actual values are 77.5%
(from 79.60 ± 4.10 to 141.29 ± 3.29MPa) and 61.26% (3.33 ± 0.15 to
5.37 ± 0.31 GPa), respectively, as per our analysis. The linear region
considered for E measurements in our analysis is shown with a red
dotted line in Fig. 2 (and supplementary Fig. 3) and the process is
discussed in section 3 of our SI file.

The graphene PMMA stacked layers were stated to be processed
with a hot rolling press to prepare the GPL. The temperature of the hot
rolling press is not mentioned in ref. 1.

Mechanical properties analysis
Ref. 1 reports E and σ values for graphene for sample GPL-100 of
around 1.09 TPa and 33GPa, respectively, calculated using the rule of
mixtures.However, it is not clear asper ref. 1 whether these high values
are for a single layer graphene2,3, or of “graphene fillers” present in the
PMMA matrix.

To clearly compare themechanical properties of graphene-PMMA
laminates (GPL) with pure PMMA (GPL-0), the GPL-0 samples need to
be prepared with the same number of PMMA layers as the corre-
spondingGPL samples, using the same float-stackingmethod reported
in ref. 1. The E and σ values ofGPL-0 reported in ref. 1 are close to those
of bulk PMMA, suggesting that GPL-0 is made of PMMA that is like
regular bulk PMMA. The thickness and stress-strain curves of stacked
PMMA (S-GPL-0) and stacked PMMA above the glass transition tem-
perature (Tg-GPL-0) are not reported in ref. 1. However, since their
thicknesses are comparable, we assumed that their mechanical prop-
erties are like that of GPL-0.
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ba

c GPL-0 (18.64 ± 0.70 µm,
PMMA A4, 1500 rpm, 0.0 vol.%)

GPL-10 (18.35 ± 0.85 µm,
PMMA A12, 1500 rpm, 0.019 vol.%)

GPL-25 (18.61 ± 0.87 µm,
PMMA A8, 1500 rpm, 0.046 vol.%)

GPL-50 (18.72 ± 0.84 µm,
PMMA A4, 500 rpm, 0.098 vol.%)

GPL-75 (18.95 ± 0.72 µm,
PMMA A4, 1000 rpm, 0.142 vol.%)

GPL-100 (18.32 ± 0.63 µm,
PMMA A4, 1500 rpm, 0.190 vol.%)

Fig. 1 | Thickness measurements of the stacked graphene PMMA layer. a The
thickness of S-GPL, Tg-GPL, and GPL is found to be 3.66 ± 0.10, 2.95 ± 0.13, and
2.35 ± 0.13 µm, respectively (image collected from Fig. 3b-c in ref. 1). b Thickness of
GPL-100 measured from Fig. 1c (image collected from Fig. 1c of ref. 1). c Thickness

measurement of GPL-0, GPL-10, GPL-25, GPL-50, GPL-75 and GPL-100 from sup-
plementary Fig. 5 of ref. 1. The thickness is measured along the straight line seg-
ments (yellow) marked in the figure.

Fig. 2 | Comparison of the stress-strain curves of the GPL samples. Mechanical
properties analysis of (a) S-GPL, (b) Tg-GPL, and (c) GPL stress strain curves com-
pared with the stress strain curve of GPL-0 and GPL-100. The linear fitted region

that is used to calculate E is discussed in Supplementary section 3. The data are
drawn from the source data and supplementary Fig. 9 of ref. 1.
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The stress-strain curves of three different samples (S-GPL, Tg-
GPL, and GPL) with 25 graphene layers are shown in supplementary
Fig. 9 of ref. 1; we have analyzed these stress-strain curves (see Fig. 2)
and find that our fitted E values do not match with the values shown
in supplementary Table 2 of ref. 1. We summarize the E and σ values
obtained fromour Fig. 2 (note that Fig. 2 is drawn from the source data
file of ref. 1) in our supplementary Table 2. The actual E for GPL
(obtained by us as 6.77 ± 0.57GPa) is thus higher than GPL-100,
that ref. 1 reports as the highest E (5.37 ± 0.31 GPa). It is worth noting
that the average failure strain for GPL in supplementaryTable 3 of ref. 1
is reported to be 1.90%, markedly differing from the GPL-100 value of
3.78% as reported in supplementary Table 2 of ref. 1. Both the GPL and
GPL-100 contain the same volume fraction of graphene of 0.19% but
different thicknesses. We expect they have comparable failure strains
or if they are not similar, a higher failure strain for lower thickness
(GPL) is expected, due to the size effect4. However, the lower thickness
(GPL) exhibits a lower elongation at break (1.90%), which is
unexpected.

Our analysis based on ref. 1 shows that the presence of graphene
filler (25 monolayers) has a negative effect on the E and σ of S-GPL as
compared to GPL-0. Whereas σ is relatively decreased for Tg-GPL from
GPL-0. GPL-25 shows an increase in both E and σ compared to GPL-0,
as reported in ref. 1, with the increase in E being higher (6.77 GPa) than
the reported enhancement in ref. 1 for GPL-100 (5.37GPa). We
discussed the effect of heat treatment on mechanical response of
polymer in section 1 (see supplementary Fig. 1 and Fig. 2) of SI of this
M-A article. As reported by Zhang et al.5, the mechanical properties of
graphene are insensitive to the number of layers of graphene.
However, the enhancement in E and σ with an increasing number of
graphene layers stacked in GPL is reported in ref. 1; this
seems contradictory. Ref. 1 reports that as the number of graphene
layers, N, increases while maintaining a constant volume fraction, the
strength of GPL initially peaks and then diminishes with further layer
increments. This pattern suggests the existence of an optimal
number of layers to achieve maximum strength. We have discussed
this further in section 2 of Supplementary Information of this M-A
article.

Structural analysis
The reason(s) for the reported high mechanical properties of gra-
phene in ref. 1 is/are unclear, so it is important to consider the
quality of graphene used in the graphene-PMMA laminates (GPL).
The mechanical properties were stated to be measured on
samples with a length of 10mm and width of 1 mm per ref. 1. How-
ever, ref. 1 only shows one TEM image of a single graphene layer
embedded in the PMMA matrix, which does not provide information
about the overall graphene quality/morphology in GPL at different
stages of sample preparation. The SEM images (525 µm x 440 µm)
showing the surfacemorphology of S-GPL, Tg-GPL, and GPL (in Fig. 3b
of ref. 1) also do not give information about the graphene quality
(see Fig. 1a).

To understand the reinforcement effect of graphene in GPL,
Raman mapping was performed on what was stated to be an 18-µm
thick sample (the thickness value mentioned in ref. 1). The Raman
mapping shown over an area of 35 µm x 35 µm (supplementary Fig. 13
of ref. 1) shows no evidence of grain boundaries. The observation of
grain boundaries is expected for polycrystalline graphene in Raman
mapping6. Our analysis of the depth profiling data (supplementary
Fig. 3 in ref. 1) suggests that it was done only at a single spot. Usually,
I2D=IG > 2 indicates good quality monolayer graphene, and lower
values are for bilayer andmultiple layers of graphene7. Our calculation
shows that the depth profiling plot has an average I2D=IG of 1.22 ± 0.07,

indicating that the graphene in GPL is not in perfect monolayer con-
dition and is ‘mixed’ (in some manner) with the PMMA matrix. Our
analysis of the Raman depth profiling data (in ref. 1) found that the
I2D=IG value is also observed between the identified graphene layers,
and this value is comparable to pristine graphene as per ref. 1. This
further suggests that graphene is randomly distributed throughout the
PMMA matrix, which is possible when the monolayer graphene is
fragmented, perhaps due to smaller grain size and multiple grain
boundaries. The hot rolling process (per ref. 1) reportedly applies a
force of 78.48N (corresponding to a compressive pressure of
8.35MPa) to remove voids, but this removal of trapped voids seems
likely to introduce large cracks and defects in graphene. It appears that
the monolayer graphene present in the polymer matrix was likely
fractured and fragmented during the hot rolling process, forming a
graphene-PMMA composite in which the graphene is actually ‘flakes’
(i.e., relatively small fragments) relative to a large area CVD grown
graphene.

Conclusion
In conclusion, the float-stacking method proposed by Kim et al.1

presents a promising approach for creating highly aligned
graphene-polymer nanocomposites. However, there are several
important issues (mentioned above) that need to be considered. It
appears that the improvement in Young’s modulus and strength of
the stacked graphene-PMMA laminates (GPLs) reported in ref. 1 is
primarily or entirely the result of temperature-induced modifica-
tion of PMMA, rather than the presence of graphene. Indeed, attri-
buting the entire improvement to the latter leads to (we suggest)
grossly overestimating the properties of the polycrystalline
graphene.

Data availability
All data generated or analyzed during this study are included in this
published article and its supplementary information file.
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